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PREFACE

This note was prepared for the session on Housing Market Behavior
at the 26th North American Meetings of the Regional Science Association,

It draws on research conductedheld in Los Angeles 9-11 November 1979.
as part of the Housing Assistance Supply Experiment. (HASE), sponsored 

and funded by the Office of Policy Development and Research, U.S. De­
partment of Housing and Urban Development, under Contract H-1789.

The author extends his thanks to Will Manning, C. Lance Barnett, 
and C. Peter Rydell for reviewing earlier drafts and providing many

Thanks are also due to Karen Stewart for typinghelpful suggestions, 
the draft, to Dolores Davis for typing final copy, and to Penny Post 
for her editorial assistance.
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SUMMARY

There are three ways in which the energy requirements of the exist­
ing housing stock can be reduced: changing the way that landlords, 
tenants, and homeowners operate housing; modifying existing housing to 

make it more energy-efficient; and replacing existing housing with new 

housing that is more energy-efficient. Analysis of patterns of energy 

use in two north central metropolitan areas shows the magnitude of the 

changes that are possible through each of these three approaches.
Although the owners or occupants of a dwelling could in principle 

reduce its energy consumption substantially, they are not inclined to 

do so. The results of the study indicate that if the physical charac­
teristics of the housing stock are held constant, a 20 percent increase 

in the real price of energy would reduce its use in the residential 
sector by only about 2 percent. In contrast, modifications to the 

existing stock of housing have a much greater effect. Installing in­
sulation, for example, would reduce energy use by about 10 percent..
The greatest effect can be achieved by replacing existing housing with 

newly constructed dwellings built to different standards. Replacing 

single-family units with multiple dwellings of the same size would re­
duce total energy use per dwelling by nearly half.

As a way of reducing residential energy use, constructing new, 
more energy-efficient dwellings is both the most effective in the long 

run and the slowest to yield energy savings. Replacing a significant 
portion of the housing stock takes decades. For energy savings with 

little delay, modification of the existing stock is more promising.
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I. INTRODUCTION

Since 1973, energy prices in the U.S. have nearly tripled, and 

sudden temporary fuel shortages have become common. Unreliable 

foreign sources of oil, the arbitrary pricing policies of foreign pro­
ducers, and the gradual decline of known U.S. reserves have emphasized 

the importance of energy conservation to stretch domestic supplies and 

reduce our dependence on imported fuels.
Much of the debate about energy conservation has concerned the res­

idential sector. About one-fifth of all energy consumed in the U.S. is 

used for residential purposes: heating, cooking, lighting, and operat­
ing appliances. Consequently, even a modest reduction in residential 
consumption would help alleviate the nationTs energy problems.

Well-designed policies to improve the efficiency of the residential 
sector’s use of energy must be based on a detailed understanding of the 

determinants of residential energy consumption. This report offers 

some important new evidence toward that end by analyzing the determi­
nants of total energy consumption at the level of the individual resi­
dential property. Taking into account all forms of energy use allows 

us to remove the effects of substituting one fuel for another and to 

identify the factors affecting overall energy efficiency. By examining 

data on each property and household, we are able to separate the effects 

of variables pertaining to the household itself, such as its size or 

income, from the effects of the dwelling's structural characteristics 

and equipment. The results fill a number of gaps in our understanding 

of residential energy demand, as explained below.
Most of the previous studies of residential energy use consider 

only a single fuel. Many have examined the demand for electricity 

(see Taylor, 1975, for a review of this literature). A smaller number 
have looked at the consumption of natural gas (Balestra and Nerlove, 
1966; Block, 1980). However, many homes use more than one form of 
energy—for instance, oil for space heating, gas for cooking, and elec­
tricity for lighting. In many applications, it is possible to sub­
stitute one fuel for another. Gas or electricity, for example, can be
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Single-fuel studiesused for space heating, water heating, or cooking.
inherently incapable of measuring the potential for residential 

energy conservation because they ignore this fact, confusing reductions 

in demand due to decreases in overall energy use with those that re-

are

fleet a switch to other fuels.
Only a small number of studies have investigated total residential 

*energy demand. Nearly all, however, rely on consumption data aggre­
gated at either the state or national level, which can be related only 

to similarly aggregated descriptors of the consuming population and 
their dwellings. Furthermore, they have concentrated on the aggregate, 
long-run consumption changes associated with increases in fuel prices 

and income. Such studies have implicitly assumed that the demand for 

energy is primarily determined by the characteristics of the families 

using it; they have not been able to test hypotheses about the savings 

that might be obtained by redesigning the dwellings themselves.
- The study reported here uses data from the Housing Assistance

Supply Experiment conducted by Rand in Brown County, Wisconsin, and 

St. Joseph County, Indiana. In the course of the experiment, the 

owners and occupants of dwellings were interviewed annually for four 

years', 1974-77 for Brown County and 1975-78 for St. Joseph County.
These years span the largest change in energy prices we have experi­
enced in this century. The record for each dwelling includes detailed 
descriptions of both the occupants and the dwelling itself, estimates 

of annual expenses for each purchased fuel, and an account of how each
; fuel was used.

By controlling for the effects of both household and dwelling 

characteristics, we find that the attributes of the dwelling account 
for most of the observed variation in energy consumption. If housing

I

*
The results of one of the earliest attempts to examine the de­

terminants of total energy use are contained in Strout (1961). An in­
vestigation of the demand for space heating energy that covers the use 
of gas, coal, and fuel oil is described in Nelson (1975). In one of 
the most elaborate studies to date, Baughman and Joskow (1976) analyze 
the determinants of total energy use in the residential sector and of 
its allocation among different energy sources. However, none of these 
studies examines the relationship between energy use and the charac­
teristics of housing stock.
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�����,���� ���� ���%� �$�������' ������/ ����$��' ���$�#�' ���� ������ ���#�%/ �

$����$�������$� ����� ���%/ �� ���%�����%/ �#����� �����$� ��� ������/ ����.

��� �����%�� �����$��� ����� ������/ �$����#����� ���� ����%%��� �$��%� �

,� �����$�� ����� ���� �%��� ���� �,/ � > ��� �D>����$��� �,/ ���,��������� ����%��

����$���� �#�%���%����#�%/����%%���� ���� �����%����#�%/ �����������% �

����$�����. ��%������ ��0������ ����%%���� �$��%� ����� �D��� �+>����$���' �

��� �$��%� �,� ����� �������. �������$������ ��� ��������%� �,������� ����%� �

���,�,%/ �����$� ������/ ���� �,/ ���%/ � ��� �D����$���. ���$���� ���� ���#� �

��� �#���/ �$���� ��� ������� ������/ �,/ ���$� �������$� ����/ �����$�%/ ����� �

��� �������$���� �������' ������ ���� �$%�������# ���� �����/ ����$� �#����� ��� �

#��� �������,%�. �5����,���%/ ��� ������� �,�%��$�� ��%��� ��%%������ ��� 6

#������� ���%%��%��#���%/�,� ���;����� ��� ��$����� �� ���,�������% ���� ���#�%/ �

����$���� ��� �����������% ������/ �$����#�����.

��� ���%%����� ���$���� ����%���� ���� �#���% ��� �����������% ������/ ����. �

��� ���0� ���� ���$����� ����$��,� ���� �����$�� ��� ����� ���� ���� �����#����� �

���$������ ����� �E�� �������� ���� �#���%. �� ������ ���$���� ��������� ���� �

��������. ���� �����%���$���� ����$����� ���� ���%�$/��#�%�$������ ��� ���� �

����/.
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���� ��������� ��������������� ��� �����������% ������/ ���� ����� �������� �

���# ���� �����#����� ����� ��������%� �,������� �%����%/������#���� ���� �%���%�

�� ������/ �$����#�����. ����� �����/ ������ �� ���������� ���������' ���#�%/ �

���� ������ �� ���#�%/ �$������ �� ������ ��������$�' ���� ������/ �$����#����� �

�� ����#���%/ ������#���� �,/ ���� ����%%���F� ���/��$�% �$����$�������$� ���$� �

�� ���?�' ���� �����#�% ���������/ ��� ���� ���%%�'���� ���� ���#,�� ���� ��/�� ��� �

���%���$�� ��� ���.���� �;������/ ��� ������/ ����� ��� �������� �� ������$�%�� �

����� ��� �����%/ ���� ���#� �������%��� ��� ���� �%������� ���.��������%� �,� 6

������ ���������� �����#����� ���������' ���� �������� ��� ������ ���� ��������'
�

��� ���� ���� ��� ���� ������ �����$�� ������/ �$����#����� ���%/ �#������%%/.

(� ������ ��� ��������/ ��$$�����%/ ���� ������#������ ��� �����������% �

�����/ ����' ��� �$��������� ���� ���%/ ���� ����$� ��� ������/ ���� ��������%� �

��?� ���� ���$�#�' �,�� ��%�� ���� �$����$�������$� ��� ���� �,��%����. �&���/ 6

��� �,��� ����� ��� ���$���� �#��� ���������,%� ��� ������� ������ ���%����� ��# 6

������$�. �� �%�������#�$ ���������#����� ��� ���� ���������� ���� �#��� ��� 6

��������� ������,%�� ��%%���� ��� ��� ��,����� ������ �������$���� ���� ���� �

���� �������$���� ��0�%���� �����%�����������% ������/ ����.

����� ��#��� ���� ���/��$�% ������,%�� ���$%���� ��� ���� �#���% ���� �� �

��� ��� ���##/ ������,%�� ��������/��� ���� ���#,�� ��� ������ ��� ���$� �,��%� 6

���. �&���%����#�%/ ���#�� ���� �#��� ������/ ����� �#�%����#�%/������ �,� 6

$���� ���� ����#�� ����� �� ������� ������ ��� ������$� ����� ��� ���%�#�. �3���� �

��$���� �,���� ��;��%' ���� �#��� ������ ������ ���� ��� �� �,��%����' ���� �%��� �

�����/ ��� ���;����� ���� ����� ��� �#������� �� ������ ��������� ���#��������.

������� ���� ��� ������,%�� ����$��,�� ���� �;������/ ��� ����$� ��� �,� �

������. �&��$� ���� �#������� �,/ ���#,�� ��� ����#� ��� ���� ����%%��� ���� �

������� ���#,�� ��� ��;���� ����� ���� ����#.

� ������ ���� ����%� ����� ���� �,���$ �����#�% ���������/ ��� ���� �����$ 6

����. ���$���� ���� ����$� ��� ��%�$���$��/ ��� ��� ����� ���%����� ��� ����� ��� �

���' ��%�$���$��/ �$�#����� ���$$�����%%/ ��� ��� ������/ �����$� ���� ����$� �

������� ���%/ ��� ����/ ������%/ �����%���� �,��%�����. �� ���##/ ������,%� �

�������/��� ��%�$���$�%%/������� ���#�� ������� ��� �� �����$���� ���

I.
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��%%�����%���� ���%%����� �����$�. �� ���$��� ���##/ ������,%� ������������ �

������ �,��%���� �,��$� ��� ������ ������ ���� ���� �����$�� ��� ���� �%�#���� ��� 6

��%����� �����%%/������ ��� ����� ��/�� ��� �$������$����. �� ������ ���##/ �

�����,%� �����$���� �������� ���� �,��%���� ���� ��;������ ����� �� �$�#�%��� �

��� ��� �����# ��������.

� ������� ���� ��� ���/��$�% ������,%�� ����������� ��������%��I ���� ��� �

��� ������. ���� �������� ���#,�� ��� �,������#� ���� ����� ��� ���$� ��������/ �

#������� ��� ����� ���� �������������� ���� �%����� �$����#����� ��� ���� ������.

@

� ������� ��� ����$���' ������' ���� �������' �����%��� �,/ ��$$������' ����

)���/ ����$��� �����%��$��,�� ���� ��%�#,��� �$��������� ��� ���$� �,��%����' �

�� �������� ���� ��� ���� ������' ���� ����$� ������� ������/ ����.

��� ������ ������,%�� ����� ���$%���� ��#��� ���� ���/��$�% �$����$������ �

3��' �������� ��� ���� �����%�+*-! ����$���� ����$� ��� ��%%��$� ��� ��������' �

#�L�� ����%���$�� �1��� ����$�2 �$�������� ��� ��� �������� ����%%���'
II

���� �

��� �������������� ���� �����$�� ��� ��������%� ����%���$�� ��� ������/ ����. �

���������� ����#�' ������,/ ���$���������� ���� ������/ ���;����#���� ���

�����' �,����' ���� ����,��%�����.

4������ ���$� �$�����% ����$�������' ������ �����%%/��#�����,%� ��� ��� 6

��,%���. �� �����$� �$����% ���%��������� �,������ ���/��$�% ������,%� ����

�������#�' ���� ��0�#�%�' �#��� ���������� ��� ���� �� �%����� ���� �

�����' �,�� ��%�� ���� �#��� ����$� ��� �,� �������' �

�����/ �����$�%/=�������� ���� ���� ������' ����.

���$����.

�%%����%���$�� �$����#� �

&�����' ��������������'

��� ���/��� �����$� ���� �%��� ��� ���� ������$� �,/ ���#���� ��0��� ����� ����� �

��� �#���% ���� ��������� ��� �$������ ���� ������%%������ 6%����� ����$��.

�$���� ��� �������� ���$���� ������� ����� ��� ��0�%��� ���� ��������� ��� ���� 6

��$�%����������� ��� ���� �����������% ������/ ��/���#.

I
�� ��0�#������� ��� ��%�$���$�%%/������� ����������� �,/ ���� ������%�� �

���� �#��� ����� �,��%���� ���� �+*!>� ������� ���� ���/��/ ��� ���� ��%%��%�$���$�
��#�' ���� ����� ����/ ���%%�����%����. ���� ���� �������,����� ���� �,�#���%' �
�������. ���� ���$�����/ �$��$��������� ��$$����� ��#��� �,��%����� ����$��� �
������ ���� ����� ��� ���� �$�����/. ������ ����������� ���� ���������%/ ������ 6
���� ���#� ��/�� ��� ����������� ����� ���$%���� ����%�$�#��� ��� ���� ��������% �
������� ��/���#. ��%�$���$�������� ���� ����,�,%/ �$����� �,�$���� ����$��� �
%��� ��� ������%%'����$� ���%��� ��� ������� ���� ������� ���������� �$���.

��� ����%���$�� ���$%���� ��� ����� �#������ ����� �������' ���������� 6
����' ������������' ��������%�' ����$����������� '��������' ���� ���/���.
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� � �������� �%������ ������,%�� ����$��,�� ���� �����$�� ��� ��������%� �

$����$�������$� ��� ������/ ����.

������% ������/ �#������� ���� �����$� �����$�� ��� ��$���#�$ ���$����' �

��%� ���?� ������ ����' ��#��� ������ �������' ���� �����$�� ��� ���������� ���

���

K<
�������%� ���$�#� ���� ���� ����$� ��� ������

������
I.

M

��� ���#,��� ��� �������� ���� �%���� ��� ����� ���� �������� ���� ��/���#' �

��#,�� ��� ����������� ��� ���� ��������%� �����$���� ���� �#��/ �����%� ����� �

.��� ���#� ������� ���� ���/= ��������� ����� �����' ���� ��������%� ����%� �,� ��,%� �

�� ����� ������/ �,/ �������� ���� �����#����� �,�$� ���� ������ ������ ����� ��� �
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collinearity between price and weather and made it possible to dis­
tinguish the effects of each variable.

The data contained estimates of expenditures by tenants, landlords, 
and homeowners for four forms of residential energy: electricity,

However, because the use of coal in 

both counties was extremely limited, this study examined the factors 

determining usage of the other three energy sources only.
Conversion of expenditures to physical units of energy was based 

on fuel prices in the two counties. For fuel oil, total expenditures 

were divided by the price of fuel oil per gallon delivered. Because 

electricity and natural gas were billed according to complex declining 

block rate structures, a more complicated procedure was required.
First, the basic rate structures as well as all fixed fees, surcharges, 
and purchased fuel adjustments were combined in order to estimate 

average rates throughout the year. The average monthly bill for each 

property was then worked backwards through the rate structure to arrive 

at an estimate of average monthly energy use. Adding together the 

amounts billed to the tenant and the landlord yielded total fuel use 

on rental properties. Energy use on homeowners1 properties was com­
puted from the homeowners1 fuel expenditures.

All three forms of energy were converted to equivalent units and
then combined into a single measure. The conversion was based upon
the heat content and potential efficiency of each kind of energy.
When electricity is used very little of it is wasted, but 30 percent
of the heat content of fuel oil or natural gas is normally lost through
the venting of exhaust gases; such routine waste was taken into ac- 

**
Total energy use was measured in millions of usable BTU s

*
natural gas, fuel oil, and coal.

!

count.i
per month.

*
For large properties where only a sample of occupant households 

was interviewed, total energy expenditures were estimated by multiplying 
the sum of the reported energy expenditures by the inverse of the frac­
tion of the total rent roll for the property represented by the surveyed 
units. This procedure is based on the assumption that among the units 
on a particular property energy consumption is directly proportional to 
contract rent.

**
The 30 percent waste factor overstates the efficiency of fuel 

oil and natural gas as sources of space heat. In typical heating
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i
� Price was measured by a weighted average of total costs per house­

hold for typical quantities of each fuel, which yielded an average 

rather than a marginal price.
■ *

The costs of purchasing typical amounts 

of all three fuels were computed, and then weighted together using data 

on average Brown County levels of energy consumption. The resulting 

price measure varied mostly over time; it also varied slightly cross- 
sectionally, partly because of minor price differences between the 

counties and partly because of intra-site price variation.

��
;!!!!
�

r{ **
Dividing

! this nominal price measure by the national Consumer Price Index pro-
***1!

: vided a measure of real prices.

systems roughly 20 to 25 percent of the heat content of the fuel will
be lost through the venting of exhaust gases, and another 25 percent 
will be lost in the distribution system (See Lokmanhekim, 1974). In 
contrast, the end-use efficiency of electrical resistance heating will 
be nearly 100 percent. The heat loss from a gas water heater because 
of the venting of exhaust gases will again be 20 to 25 percent. The 
distribution losses of gas and electric systems, however, will be 
identical. For practical reasons it was impossible to apply efficiency 
adjustments to gas and oil which varied by function. An efficiency 
factor appropriate for water heaters was chosen because water heating 
(along with cooking) was the function for which gas and electricity 
were most directly in competition. Both Baughman and Joskow (1976) and 
Chem (1978) found in their studies of residential energy demand that 
their results were insensitive to the choice of efficiency factor over 
a range from 0.3 to 0.8.

As Taylor (1975) has pointed out, the marginal price would theo­
retically have been preferable here. Attempts to implement this sug­
gestion, however, ran into a host of problems, not the least of which 
was the question of which fuels were being used at the margin. All 
properties used at least two fuels, except for those heated electrically. 
The option of using an "average" marginal price was rejected as being 
too poor an approximation to the theoretically correct price. Overall 
it seemed safer to use the average price which, though less than ideal, 
was at least well defined and familiar in the literature.

*
••
:

'
■

;
**

In Brown County both gas and electric rates were higher in rural 
than in urban areas. In St. Joseph County the existence of a municipal 
utility in the suburban city of Mishawaka resulted in somewhat lower 
electricity rates there.

***

V

An effort was made to test for differences between the two sites 
in the level of consumer prices. However, for a variety of offsetting 
reasons price levels in the two sites at any one point in time were 
found to be nearly identical. For a summary of the research leading 
to this conclusion see Neels (1979).

.
.
;

*.■

I
::

.
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'IV. ESTIMATION METHODS i
!
i

Pooling of time series and cross-sectional data can lead to sta­
tistical problems. In the present instance unobserved housing attri­
butes that cause a property to display unusually high or low energy 

use are likely to set in motion effects which persist over time. A 

property consuming an unusually high amount of energy in one year is 

likely to do so in other years as well, leading to a correlation be­
tween the error terms for successive observations on the same property. 
Such correlation decreases the efficiency of OLS coefficient estimates 

and produces inconsistent estimates of coefficient standard errors.
The use of a variance components model dealt with the problem of 

correlation between error terms. Within this model it was assumed 

that the error term for the regression equation could be divided into 

two components, one of which was specific to a residential property 

while the other varied over both properties and years. The model can 

be represented symbolically as follows:

i

I
■

i I
■

.
! I

:
i
!i|
i

I;

I
1

i
;
1i
:

* tf1.. + M. + e..I it t itI..It -a + a. A., + . . . + a o i it :
\
;

y* ' 
it * ’where Yis energy use per unit for property i in year t; \• s

ft \^ are the independent variables; is the residual error component
is the residual error component for propertyfor property £; and e^ 

l in year t. f

\If and are independently and normally distributed the error 

■covariance matrix which results is block diagonal. Each block corre- i
f
|

sponds to a cluster of observations on a particular residential prop- 
Within each block the elements on the main diagonal are equalerty.

;to 1 while the off-diagonal elements are equal to the coefficient mea­
suring the correlation between residuals for different observations

This correlation was constant and independent

I.
:

on the same property. i
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*
The standard error of the estimate for 

The data are statistically
contained in other literature, 

this coefficient is very high, however, 
consistent with the hypothesis that once the physical characteristics

of the housing stock are accounted for, there is no relationship be-
Still, it is difficult to say whether thetween price and energy use. 

relationship is lacking because price really has no effect on energy
use in the short run, or because the data do not contain enough varia­
tion in price to measure the effect precisely.

The estimated income elasticity of demand for energy is extremely 

small and not significantly different from zero. Although that result 
stands in sharp contrast with earlier studies (see Strout, 1961; 
Baughman and Joskow, 1976; and Chern, 1978), none of the others con­
trolled for the effects of dwelling unit characteristics as was done 

here. Previous estimates of the income elasticity of energy demand 

may more accurately be described as estimates of the income elasticity 

of demand for housing. As households become richer, they usually want 
more rooms, bathrooms, and appliances, and are more likely to occupy 

single-family homes. After the type of housing has been taken into 

account, income appears to have very little influence on the intensity 

of use of the dwelling's appliances and mechanical systems.
The estimated coefficient for the number of nonworkers per house­

hold indicates that the addition of one nonworker to a household would 

increase energy use by almost 2 percent. Statistically, however, the 

effect is very weak. The t-statistic is barely over 1 in absolute 

value.

■

The one strong performer among the household variables is that 
measuring household size.

Even so, the real impact is slight, 
people would use only a little over 3 percent more energy than one 
composed of two persons.

Its coefficient is clearly different from 
A household with threezero.

There does appear to be a certain amount of variation in energy 
use per unit related to taste and life-style. When all other physical 
and household characteristics are held constant, elderly households

Baughman and Joskow (1976), for example, estimate it to be
-0.08.
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%��� ����  +> ���$���.  ���  �������������  ����$����  ��  ����% �����/  ���  
���%�  ����  ,���  ����  �#�%%��. ��������'  ����  ������  ��������  ��  ��� 6
��$�  ����#�����  �������  ,�������'  ���$�  V����?�%  �#�����?��  ���%�  ,�  
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VI. POLICY IMPLICATIONS

In evaluating the effectiveness of alternative approaches for en­
couraging energy conservation in the residential sector, the govern­
ment must consider cost, the amount of energy saved, and the length of 
time required for policies to take effect. All else being equal, the
most desirable approach is the one which brings about the greatest re-

If alternative forms of intervention are likelyduction in energy use. 
to have similar costs and results, the most effective is that which
takes effect most quickly.

In terms of potential energy savings, this study provides strong 

evidence in favor of policies aimed at changing the characteristics of 
the housing stock, rather than those designed to change the character-

As we have seen, who occupies aistics or life-style of households.
house has a relatively minor effect on how much energy is used, 
holds appear to affect energy use only within relatively narrow limits

House-

that are determined by the design and construction of the unit and 
building.

The energy-consuming characteristics of the housing stock can be 

changed either by replacing existing structures or by altering them: 
The two procedures differ greatly as to capital cost and how .long it 
would take for their effects to be felt.

In the long run, the most effective policies are those affecting 
new housing design. The study indicates that consolidating dwellings 

into structures with five or more units would cut energy use nearly in
half relative to single-family homes. The regression results point to
a high payoff in energy savings from shrinking the amount of space to 
be heated as well. Building four-room rather than five-room dwellings 
would lower consumption by more than 10 percent. Installing extensive 

insulation, which is usually feasible only at the time of construction, 

could lead to energy savings of up to 20 percent.
*

Emphasizing new

*
This figure was derived from the electrically heated home co­

efficient. Recall that the dependent variable for the analysis was 
the log of usable energy per unit. For fuel oil and natural gas usable
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���������� �%�$���� �� �$�#�%��� ���� ��� �����# ��������' ������%/ ������� �
;������� ���� ��� �%���� ���#�.
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